• A mass transfer model based on penetration theory was developed • The effect of particle dissolution near the gas-liquid interface was considered in the model • The absorption of SO 2 into Mg(OH) 2 /water slurry was experimentally investigated in a bubble column
Gas absorption accompanied by chemical reactions in slurries is widely employed in the chemical industry. Many chemical reactions involved in the process could be regarded as instantaneous when their rates are much greater than the rates of the molecular diffusion. Some typical examples are the removal of SO 2 by means of the aqueous Mg(OH) 2 or Ca(OH) 2 solution, the absorption of CO 2 or H 2 S in the aqueous Mg(OH) 2 or Ca(OH) 2 solution, etc. Ramachandran et al. [1] theoretically analyzed gas absorption into slurries by reactant particles using film theory for the first time, and proposed and solved analytically a steady-state homogeneous phase model. Subsequently, many studies on the gas absorption accompanied by instantaneous chemical reactions into slurries containing sparingly soluble reactant particles have been reported, and many theoretical models were developed. Ramachandran [2] has summarized the gas absorption in slurries containing fine reactant particles till 2007. The models of gas-liquid mass transfer accompanied by instantaneous chemical reactions could be mainly classified into two categories: steady-state models and unsteady-state models. Uchida et al. [3] , Dagaonkar et al. [4, 5] , Scala [6] and Juvekar [7] developed and solved analytically the steady-state models in terms of film theory. The steady-state models based on film theory of mass transfer are well adapted for actual situations when the processes are steady-state and homogeneous phase, but they are unreasonable and could bring great errors for the unsteady-state processes. By comparison, penetration theory and surface renewal theory are more reasonable for describing the unsteady-state processes. Mehra [8] studied the effect of particle size distribution on the gas absorption, established and solved numerically an unsteadystate model based on the penetration model using a population balance approach to track the evolving particle size distributions. Kakaraniya et al. [9, 10] extended the model of Mehra [8] to the SO 2 -Mg(OH) 2 --MgSO 3 system and CO 2 -Ca(OH) 2 -CaCO 3 system. Akbar et al. [11] studied the three-phase mass transfer in a spray scrubber with dissolving reactive particles, proposed and solved numerically an unsteadystate model based on the penetration model. The studies on the gas-side mass-transfer coefficient of bubbles have been conducted. Patoczka [12] , Mehta [13] , Filla [14] , Cho [15] , Rocha [16] , Guedes [17] , Ricardo [18] and Sada [19] have reported the gasside mass-transfer coefficient for the bubble columns. The experimental conditions in this work are similar to that of Sada [19] , thus the estimation of mass transfer proposed by Sada would be employed directly. Up to now, the effect of particle size on the mass transfer of a gas-liquid-solid system with an instantaneous irreversible chemical reaction has not been theoretically analyzed and discussed in detail, and the particle size and the particle dissolution near the gas-liquid interface have a great influence on the mass transfer in the actual process. Therefore, in this paper, a theoretical analysis of gas absorption accompanied by an instantaneous chemical reaction in slurries containing sparingly soluble fine reactant particles is presented, and a mathematical model of mass transfer is developed and solved analytically based on penetration theory by taking into account the effect of particle size and particle dissolution near the gas-liquid interface on the mass transfer. Mg(OH) 2 has drawn widespread attention as an absorbent for SO 2 removal in recent years because of the advantages of high removal efficiency, recycling, no secondary pollutants, etc. Thus, the mass transfer process of the fast reactive absorption of SO 2 into aqueous Mg(OH) 2 slurry in a bubble column was experimentally investigated to validate the proposed mass transfer model.
EXPERIMENTAL
The schematic diagram of the experimental setup is shown in Figure 1 , which consisted of the mixing gas generation unit, exhaust detection devices and a bubble column. The bubble column was made of stainless steel with 20 cm in diameter and 45 cm in height.
Firstly, the column was filled with Mg(OH) 2 /water slurry, the air was fed into the bubble column until the system reached steady-state. Then, SO 2 with volume fraction 0.98 (Tianjin Kermel Chemical Reagent Co., Ltd.) supplied from a cylinder was mixed in the gas mixer with the air from the air compressor (Shanghai Jiebao Compressor Manufacture Co., Ltd.), and the air-SO 2 mixture was continuously fed at the bottom of the column. After SO 2 reacted with Mg(OH) 2 (particle size: 1-10 μm, Tianjin Kermel Chemical Reagent Co., Ltd.) in the liquid phase, the concentration of SO 2 in the exhaust was detected by a flue gas analyzer (Qingdao Minhope electronic instrument Co., Ltd) with the accuracy of 0.1 mg m -3 . The gas flow rates were controlled by a rotameter (LZB-type, Tianjin flow Ins- Figure 1 . Schematic diagram of the experimental setup: 1) sulfur dioxide cylinder; 2) air compressor; 3) valve; 4) pressure reducing valve; 5) manometer; 6) rotor flow meter; 7) gas mixer; 8) bubble column; 9) feed tank; 10) flue gas detector; 11) manometer. trument Co., Ltd.) with a measuring range of 0-100 ml min -1 for SO 2 and 0-100 L min -1 for air; the accuracy of rotameters was ±1.5%. For each experimental condition, at least triplicate independent experiments were conducted to obtain the average value of the volume mass transfer coefficient. The experiments were carried out at 298.15 K and atmospheric pressure.
A number of methods have been developed to measure the volumetric mass transfer coefficient, they could be divided into two main categories: 1) based on the measure of the concentration of the solute gas in the liquid phase; 2) based on the measure of the gas concentration in the gas phase. The gas balance method is more adequate for the three-phase system, because it is very difficult to measure the concentration of the solute gas in the liquid phase [20] . When the reaction is rapid and instantaneous, the concentration of the solute gas A in the bulk liquid phase can be regarded as zero. In this experiment, low superficial gas velocities were adopted to form a bubble flow regime, thus the mass balance of SO 2 is:
where C in and C out are inlet and outlet bulk gas-phase concentrations respectively; C avg is the logarithmic mean liquid phase equilibrium concentration of SO 2 and C L bulk liquid-phase concentration.
In our experiment, the inlet volume fraction of SO 2 in the gas mixture is very low, thus the variation of the gas phase volume is negligible. For an instantaneous reaction, the concentration of the gas reactant in liquid could be regarded as zero. Therefore, the volume mass transfer coefficient could be calculated by:
The equilibrium concentration of SO 2 in liquid phase could be calculated by Henry's law:
The logarithmic mean liquid phase concentration of SO 2 in liquid, C avg could be calculated:
where P in is the inlet partial pressure of SO 2 and P out is the outlet partial pressure of SO 2 .
The Henry coefficient of SO 2 was obtained by [21] :
The mass transfer accompanied by an instantaneous irreversible chemical reaction in a slurry bubble column reactor containing sparingly soluble fine reactant particles is schematized in Figure 2 . The solute diffuses from the gas phase into the liquid phase and reacts immediately and completely with the reactant present in the slurry, and then a sharp reaction plane parallel to the gas-liquid interface is formed. In the zone between the interface and the reaction plane (0 < x < Λ) only the reactant A exists. Beyond the reaction plane (x > Λ) only the reactant B exists. The following simplifying assumptions are made for the modeling of gas absorption enhanced by sparingly soluble fine reactant particles: 1) the solid particles are spherical and uniform in size, smaller than the scale of the diffusion length; 2) there is no surface kinetic resistance to particle dissolution, and the solid reactant has a low solubility in the liquid phase and dissolves slowly, thus that particles shrinkage can be neglected [2] [3] [4] [5] [6] . It is supposed that the particle and the surrounding liquid establish a micro-cell. If r p is the solid particle radius and ε p is the solid hold-up of the particle, the radius of each micro-cell is [7] :
r r (6) In the zone between the interface and the reaction plane (0 < x < Λ), the mass transfer inside each micro-cell could be considered as a steady-state process due to the very small particle size. In the zone between the interface and the reaction plane (0 < x < Λ), each micro-cell is divided into two parts by the micro-spherical reaction plane r λ . The mass transfer process inside each micro-cell may be stated as follows:
B.C.: r = r p , C B = B s ; r = r λ , C B = 0.
B.C.: r = r λ , C A = 0; r = r C , C A = C AL .
The solutions of Eqs. (7) and (8) C B r r r r (9) ( ) ( )
In position of the micro-spherical reaction plane r λ , the following equation can be gotten:
Substitution of Eqs. (9) and (10) into Eq. (11) yields:
Combining the Eqs. (10) and (12), the rate of mass transfer in the interface of the micro-cell is:
DC DB r r r r (13) The consumption rate of reactant A per unit volume of slurry can be obtained:
In the zone beyond the reaction plane (x > x Λ ), the mass transfer process inside each micro-cell may be represented as:
B.C.: r = r p , C B = B s ; r = r C , C B = C BL .
The solution of Eq. (15) is:
C B r r r r C r r r r (16) The consumption rate of reactant B per unit volume of slurry can be obtained:
r r r (17) According to Figure 2 , the mass transfer process accompanied by an instantaneous irreversible chemical reaction in a slurry containing sparingly soluble fine reactant particles is divided into two parts by the reaction plane (x = r λ ): A-only region from the interface to the reaction plane (0 < x < Λ) and B-only region beyond the reaction plane (x > Λ). The reactant A and the reactant B react in the reaction plane, and the concentrations of the reactant A and the reactant B can be regarded as zero. The material balance in the liquid phase before and after the reaction plane is given: 
To solve Eqs. (18) and (19) , the equal diffusivities condition and the concept of negative concentration of the solute are introduced [22] . And it is assumed that: D A = D B ; C BL = -C AL (20) The following dimensionless variables are defined:
k D r r r ( )
The mass transfer rate of A can be obtained: 
The exposure time can be estimated by the bubble diameter and bubble rising velocity:
Eq, (24) can be integrated: . For the gas absorption accompanied by instantaneous chemical reactions in slurry bubble columns containing sparingly soluble fine reactant particles, as the partial pressure of the gas reactant is low, the gas-side mass transfer resistance could not be ignored. The total mass transfer coefficient can be expressed as:
The gas-side volume mass transfer coefficient is [19] :
The gas-liquid specific interfacial area [23] :
The gas hold-up [24] :
The average bubble rising velocity [24] :
The single bubble rising velocity: .
RESULTS AND DISCUSSION
The experimental data are the average values of the volume mass transfer coefficient from the beginning to the SO 2 concentration detected by the flue gas analyzer reaching 40 mg·m 
Effect of the solid hold-up
The effect of the solid hold-up in the Mg(OH) 2 slurry on the volume mass transfer coefficient of SO 2 is presented in Figure 3 , indicating that with increasing the solid hold-up in the Mg(OH) 2 slurry, the volume mass transfer coefficient of SO 2 increases. In the previous work, four mechanisms of mass transfer enhancement were introduced, including the shuttling mechanism, the boundary layer mixing mechanism, the coalescence inhibition mechanism and boundary layer reaction mechanism [25] . In this work, for gas absorbed chemically into a slurry, the fine particles could provide reactants into the liquid film to enhance the mass transfer process, the enhance of mass transfer could be explained through the boundary layer reaction mechanism. Alper [26] [27] [28] introduced the concept of effective film thickness to explain the effect of the catalyst concentration on the mass transfer enhancement for the gas absorption in cat-alytic slurry reactors. Alper believed that the effective film thickness would decrease with the increase of the solid concentration. Increasing the solid hold-up would lead to an increase of the number of particles per unit volume of slurry in the liquid film, making the reaction plane shift closer to the interface, which leads to decrease of the effective film thickness and intensify the mass transfer process. The higher the solid hold-up is, the closer the reaction plane shifts to the interface, which provides a higher value of the liquid-side mass transfer coefficient, K L . Thus the total volume mass transfer coefficient of SO 2 increases with Mg(OH) 2 solid hold-up in the slurry. Effect of the gas flow rate Figure 4 presents the effect of the gas flow rate on the volume mass transfer coefficient of SO 2 . It could be found from Figure 4 that, when the gas flow rate increases, the volume mass transfer coefficient of SO 2 increases. An increase in the gas flow rate could increase the gas hold-up and provide more gasliquid interfacial area. And increasing the gas flow rate also speeds up the bubble rising velocity, which promotes the turbulence in the liquid, and then leads to the increase of the liquid-side mass transfer coefficient. As a result, the volume mass transfer coefficient of SO 2 increases with the increase of the gas flow rate. Figures 3 and 4 show the comparison of experimental mass transfer coefficients with the predicted values; the average deviation of present model is 1%. It can also be seen clearly that the calculated results agree well with the experimental values, which verifies that the mass transfer model proposed in this paper is reasonable and acceptable in accuracy. ; inlet partial pressure of SO 2 : 0.2 kPa.
Effect of the particle size and the particle dissolution near the gas-liquid interface When the solid hold-up is constant, the effect of the particle size near the gas-liquid interface on the volume mass transfer coefficient of SO 2 is shown in Figure 5 . For a given solid hold-up, when the radius of particle is smaller than 5 μm, the change of the particle size is found to have notable effect on the volume mass transfer coefficient. With the decrease of particle size, the particle number near the gas-liquid interface, especially in the zone between the interface and the reaction plane (0 < x < Λ), increases more and more greatly because the volume of the particle is proportional to the cube of the particle radius. Decreasing the particle size would lead to an increase of the solid-liquid interface area, which would result in a marked increase of the particle dissolution rate (according to Eqs. (9) and (10)). Alper [28] believed that only the size of particle is smaller than the effective thickness could increase the absorption rate for the gas absorption in catalytic slurry reactors. As the particle size increases, it becomes increasingly closer to the effective film thickness, and then the intensification of mass transfer is weakened. In addition, with the increase of particle size (e.g., the particle radius is larger than 7 μm), the influences of the particle size variation on the particle number become small, and the solid-liquid interface area decreases obviously, leading to the decrease of the particle dissolution rate and the reaction rate. Thus, the intensification of mass transfer is weakened and the vol-ume mass transfer coefficient is remarkably decreased. Therefore, the influence of the variation of the particle size on the volume mass transfer coefficient becomes more and more significant with the decrease of the particle size. Figure 6 demonstrates the effect of the solubility of the particle reactant in the liquid phase on the volume mass transfer coefficient of SO 2 . The increase of solubility of the particle reactant in the liquid phase enhances the rate of the particles dissolution rate and the driving force of reactant B transferring from the bulk liquid to the reaction region. Therefore, the concentration of reactant B in reaction region increases, and as a result, the reaction rate is accelerated, the reaction plane moves close to the gas-liquid interface, and the effective thickness of mass transfer is reduced, thus the mass transfer between two phases is obviously intensified [29] . 
CONCLUSION
Mass transfer accompanied by an instantaneous chemical reaction in a slurry bubble columns containing sparingly soluble fine reactant particles has been studied theoretically and experimentally. A model has been developed and analytically solved based on the penetration model. The analytical expression of the time-average mass transfer coefficient has been derived. The fast reactive absorption of SO 2 into aqueous Mg(OH) 2 slurry in a bubble column was experimentally investigated. The volume mass transfer coefficient of SO 2 increases with the increase of the solid hold-up in Mg(OH) 2 slurry, the gas flow rate and the solubility of the particle reactant in the liquid phase. For constant solid hold-up of Mg(OH) 2 , when the particle is large (> 7 μm), the variation of the particle size has little influence on the volume mass transfer coefficient; when the particle is small (< 5 μm), the particle size has notable effect on the volume mass transfer coefficient. The calculated value by the present model agrees well with the experimental data, which validates the proposed mass transfer model. U ovom radu analiziran je teorijski prenos mase praćen trenutnom nepovratnom hemijskom reakcijom u barbotažnoj koloni u prisustvu slabo rastvornih finih čestica reaktanta. Na osnovu teorije penetracije, u kombinaciji sa modelom ćelija, razvijen je jedno-dimenzionalni model prenosa mase. Ovaj model uzima u obzir uticaj veličine čestica i brzine rastvaranja blizu kontaktne površine gas-tečnost na prenos mase. Model prenosa mase je rešen, tako da je dobijen analitički izraz za koeficijent prenosa mase u funkciji vremena. Reaktivna apsorpcija SO 2 iz gasne smeše u suspenziji Mg(OH) 2 u vodi je eksperimentalno ispitana u reaktoru tipa barbotažne kolone radi validacije modela prenosa mase. Rezultati pokazuju da razvijeni model dobro predviđa koeficijent prenosa mase u komplikovanom trofaznom sistemu gasno-tečno-čvrsto sa trenutnom ireverzibilnom hemijskom reakcijom.
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